The technical complexity of ensuring that tax rolls are complete and valuations current is often perceived as a major barrier to bringing in more property tax revenues in developing countries. This paper shows how high-resolution satellite imagery makes it possible to assess the completeness of existing tax maps by estimating built-up areas based on building heights and footprints. Together with information on sales prices from the land registry, targeted surveys, and routine statistical data, this makes it possible to use mass valuation procedures to generate tax maps. The example of Kigali illustrates the reliability of the method and the potentially far-reaching revenue impacts. Estimates show that heightened compliance and a move to a 1 percent ad valorem tax would yield a tenfold increase in revenue from public land.
Introduction
Population growth, agricultural mechanization, and climate change are commonly believed to be associated with high rates of urban growth in developing countries, especially in Africa, where most residents are still concentrated in rural areas and the demographic transition is still in its early stages. Historically, cities' ability to capitalize on spatial proximity and positive externalities from the agglomeration of skills (Glaeser 2011) implied that urbanization was a key driver of economic growth. Yet as globalization severed the link between agricultural surpluses and city formation (Gollin et al. 2016) , urbanization without growth and the formation of 'consumption cities' has become a distinct possibility for cities that are unable to deal with issues such as planning, pollution, public health, crime, and provision of infrastructure and other services.
This will make it difficult to attract highly skilled individuals or to produce tradable goods in a way that ensures competitiveness and allows to capitalize on benefits of global integration such as risk diversification and scale.
To generate the resources for urban service provision, the ability to raise funds in a non-distortionary way and to have effective delivery mechanisms has become an important precondition to realizing the potential of cities. Surging prices for urban land and the scope for using taxes on land and property to enhance revenues when the tax base for income or profit taxes is narrow make property taxes one of the few viable options to finance sustainable expansion of cities in developing countries (Youngman 2016) . In fact, as most of the resulting benefits will be capitalized in land values (Collier and Venables 2017) , taxes on real property have been identified as a highly inventive-compatible way to finance local services and infrastructure.
However, despite their conceptual advantages, developing-world revenue from recurrent property taxes is still far below that of developed countries, even in relative terms. Instead, developing countries often rely heavily on transfer taxes, which are counter-productive because they tend both to discourage efficiencyenhancing land transfers while encouraging reversion to informality by avoiding registration as well as corruption by under-declaring land values. Two issues that may contribute to the widespread failure of using property taxes are the high fixed cost of establishing and ensuring currency of the associated valuation infrastructure and collection systems and the difficulty of conducting counterfactual analysis (see, e.g., Bahl and Wallace 2008; Kelly 2013) . As maps to identify taxable properties are often incomplete, out of date, and access to them is fragmented between government units it is not uncommon to find that less than 50% of taxable properties are on the tax roll (Blochliger 2015; De Cesare 2012) . Ensuring property taxes can be collected in low-cost ways that are fair, progressively linked to property values, and buoyant, requires automated valuation methods based on market values to be updated routinely without a danger of triggering appeals (IIAO 2013) . While data integration, automating processes, and use of technology are believed to have great potential (McIlhatton et al. 2012) , there are few examples in the developing world where property taxes have been successfully implemented (Franzsen and McCluskey 2017; McCluskey et al. 2012) .
Using the example of Kigali, we demonstrate how remotely sensed imagery can significantly reduce the cost of establishing and updating tax registers by allowing automated generation of building footprints and, based on building heights, an estimate of total built-up area. If data on land prices are available, this information, together with spatial data routinely available from statistical institutes, can be used to inform routine processes of computer-assisted mass appraisal (CAMA).
1 Imputed values for land and property from the CAMA model, together with administrative records on taxes collected on individual properties, allows us to provide information on (i) potential revenue gains from full collection of current lease fees;
(ii) likely yields from and incidence of a uniformly applied 1% tax on residential land and property; and (iii) the implicit cost of exemptions currently being discussed by Rwandan policy makers. This could not only make collection of property taxes much easier but also ground the debate on tax reform by providing more reliable data on which to base scenarios.
For Rwanda, three findings stand out: first, only about 40 percent of the potential yield of US$4.9 million from current lease fees is collected, suggesting that more efficient collection could heighten returns. Efforts to reduce costs of compliance (e.g., automated billing or reminders) may thus have high returns even in Rwanda, where all properties have been mapped. Second, because lease fees are regressive, moving to a 1% value-based tax would not only spread the tax burden more equally but could also increase revenue to about US$19.3 million-almost 10 times what is currently collected. Finally, while there may be scope for exempting those at the very bottom, the exemptions for 'low-cost housing' currently proposed by policy makers are too generous: they would leave only 5% with any building tax obligation.
Defining built-up area based on building footprints and heights derived from remotely sensed imagery offers even more scope to ensure complete coverage in places where recent urbanization implies that tax rolls are no longer current. Combined with transparent valuation models and broad publicity, it could help municipalities to not only generate sustainable own-source revenue but also to gradually reduce reliance on transfer taxes, which in many places seem to be a major reason that land registries revert to informality.
In what follows, section 2 discusses the challenges confronted by cities, how recurrent taxes on land and property can help resolve them, the technical and political economy obstacles to implementing them, and the resulting priority given to using instruments to collect taxes that are less efficient and more distortionary.
It describes property taxation in Rwanda, noting similarities to and differences from what can be observed elsewhere. Section 3 describes use of remotely sensed information to construct a map of built-up areas that 1 In most countries, such information may need to be collected in surveys or from institutions, such as bank data on mortgage lending. As the only African country to have established a complete and fully digital registry of rights, Rwanda has price data available.
can complement other data and to estimate a model of computer-assisted mass valuation that makes it possible to compute potential yield from a 1% property tax and compare it to the yield from current lease fees. It also links the results to current reform proposals for Rwanda, discussing exemptions and ways to separate taxation of land and of buildings. Section 4 concludes by drawing out the implications of the study for policy and future research.
Conceptual Background
While cities make it possible to achieve unprecedented agglomeration effects, realizing these benefits in ways that enhance a city's long-term competitiveness hinges on the effectiveness of services to counter the negative aspects of density. As most benefits from local services will be capitalized in land values, taxes on land and other real property have long been advocated as a method of financing services that is incentivecompatible. Property taxes have other desirable properties in that they are progressive, difficult to avoid, with yields that are quite stable over time. Yet, even in relative terms, the contribution from such taxes to revenue is much lower in the developing world than in developed countries. This, together with reliance on distortionary transfer taxes instead, suggests that reducing the high fixed costs of collecting property taxes may be one way to increase use of property taxes and enhance their distributional fairness.
The Relationship of Public Services and the Competitiveness of a City
Historically, most human intellectual and material progress originated in cities (Jacobs 1986 ), which have fostered economic growth and innovation through a combination of spatial proximity and human capital externalities (Glaeser 2011) . However, the potential of cities to act as engines of growth depends on their having institutions to effectively address the negative externalities, such as congestion, pollution, and disease, that have accompanied growth in cities virtually everywhere. For most of history, the institutional and financial prerequisites imposed by the need to overcome these "demons of density" implied that urbanization was contingent on a city having achieved a certain per capita income (Jedwab and Vollrath 2015) . The scope for global trade and improvements in public health and technology together have lowered this threshold, creating the prospect of "urbanization without growth" (Fay and Opal 1999) . 2 Thus urbanization in "consumption" rather than "production" cities may be driven by a rural push or booms in the non-tradable sector that, in Africa, have often been fueled by resource rents (Gollin et al. 2016) .
While not eliminating the economic and risk diversification benefits of urbanization, 3 failure to develop institutions for effective planning and resource mobilization (Besley et al. 2013) to reduce the demons of density may lead to a situation where the costs of urbanization outweigh the benefits. Empirical evidence 2 Unlike the traditional model, in which high agricultural productivity, was a precondition for city growth, today, in an interconnected world, high agricultural productivity may actually slow urbanization (Glaeser 2014) . 3 To the extent that climate-related shocks reduce economic opportunities and cause workers to emigrate from rural areas, the risk diversification that cities offer may be very important (Henderson, Styoreygard, and Deichmann 2017). suggests that many African cities have thus far failed to live up to this challenge (Jedwab et al. 2017 ) and instead are crowded, costly, and disconnected (Lall et al. 2017). 4 In light of the durability of urban buildings and infrastructure, this may in the long term affect city structure and competitiveness. High transport and wage costs resulting from inappropriate infrastructure and lack of affordable services may trap some cities in a low-level equilibrium that leaves them unable to competitively produce goods that are tradable globally (Venables 2017) . Considering its high expected rates of city growth in the near future and the high cost of providing services after cities are built, this is particularly pertinent for Africa.
Property taxes have long been identified as the largest source of untapped municipal revenue that could ease the revenue constraints on local governments and allow the emergence of competitive cities . Coverage with digital cadastral maps is a necessary precondition if property taxes are to be collected both effectively and fairly.
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Where cities expand rapidly, it is also a precondition for effective planning and delivery of services. Yet, as 
Pros and Cons of Taxes on Land and Other Real Property
In developing countries, taxation as a share of GDP is only 25-50 percent of that in developed economies (Besley and Persson 2014) , primarily because (i) a great deal of the economic activity is informal, beyond the reach of traditional taxes on income and profits; (ii) institutional capacity to collect taxes is more limited; and (iii) even if taxes are assessed and levied, cultural and political factors such as fragmented polities, lack of transparency, and a minimal sense of national identity may cause widespread avoidance of payment.
It has long been noted that local taxes on land and property can avoid some of these shortcomings and that, because land cannot be moved, they are difficult to avoid, can be designed to fall mainly on the wealthy, and are relatively stable against shocks (Norregaard 2013) . They are thus less distortionary and less subject to tax competition than consumption or income taxes. 6 Moreover, by raising the cost of holding property, 4 Microdata confirm that developing countries are seeing a rapid reallocation of workers to densely populated areas (Gollin et al. 2017) . 5 Paper maps are susceptible to unauthorized tampering, difficult to update or use for planning, and imply that collection of property taxes will incur high transaction costs because they preclude low-cost electronic billing or tax collection via mobile money. 6 In fact, a number of revenue-neutral tax reforms to boost growth often aimed to shift part of the revenue base from income taxes to consumption and property (Norregaard 2013). such taxes may discourage speculation and encourage more intensive land use. Where provision of public infrastructure and other services causes rapid appreciation of land prices, taxes on land and property have been linked to benefits from such investment. In Mexico, infrastructure improvement, such as street asphalting in residential neighborhoods, was capitalized into higher property values within two years (Gonzalez-Navarro and Quintana-Domeque 2016). Support for a benefit view of land and property taxes also emerges in U.S. residential neighborhoods where housing supply is inelastic (Lutz 2015) . As fiscal instruments and land use regulations interact (Blochliger et al. 2017) , land taxes will affect land use and can reduce sprawl, as in Pittsburgh in the 1980s (Oates and Schwab 1997) , in other U.S. settings thereafter (Banzhaf and Lavery 2010), and in Italy (Ermini and Santolini 2017). 7 Although the high visibility of property taxes can make it difficult to gather broad political support (Bahl and Wallace 2008) , it increases accountability for how tax proceeds are used-an observation supported by evidence from OECD countries where greater reliance on property taxes by subnational governments has enhanced fiscal discipline (Presbitero et al. 2014) . Beyond the political issues arising from high salience of property taxes, the reason most often quoted as an obstacle to broader use of land and property taxes is the high costs and the administrative requirements for establishing a cadaster and maintaining it. (Franzsen and McCluskey 2017) , suggest that capacity constraints and the inability to fairly administer a property tax have often deterred reforms. Such constraints may also underpin the disproportionate reliance of developing countries on transaction taxes, despite their disadvantages in terms of undermining predictability, imposing frictions on land market operations, pushing transactions into informality, and creating incentives for fraudulent under-declaration of transaction values (Dachis et al. 2012 ).
Ways to Tap This Potential
The conceptual advantages of taxing property and the enormous variety of ways to implement it notwithstanding, 9 in developing countries recurrent taxation of land or property makes up a limited, and 7 In Italy, differential tax rates between a city's core and periphery can make the core urban area more compact. In Spanish municipalities during 1994-2005, sprawl increased demand for new infrastructure, the cost of which was covered mainly by intergovernmental transfers, which created moral hazard incentives for local governments (Hortas-Rico 2014). 8 Some support for this notion is provided by the fact that use of land taxes is often more advanced in cities than in countries as a whole (McCluskey and Franzsen 2013) . 9 For a comprehensive review of property tax systems globally, see Almy (2013). often decreasing share of revenue. As table 2 illustrates, since the 1990s, the share of land and property taxes in GDP (1.7%) or total tax revenue (0.45%) stood unchanged in real terms in advanced markets; increased from 0.4-0.6% of GDP (equivalent to 0.15-0.22% of tax revenue) in emerging markets; and dropped from 0.09% to 0.05% of tax revenue (0.2% of GDP) in low-income developing countries.
Efforts to increase coverage by updating tax maps and updating valuation rolls by applying uniform mass valuation have been taken to enhance transparency and perceived fairness of the process in many countries (Almy 2014) . This has generated large fiscal benefits even in developed countries like Italy (Casaburi and Troiano 2016) ; where fiscal and legal cadasters are interoperable, it has also made it easier to demonstrate ownership of land. In the Netherlands, valuations of some 8 million properties via CAMA are conducted annually, bringing real estate taxes up to 2.8% of GDP. Assessed property values are publicly available, allowing owners to update data online, increasing trust in and the transparency of the system, and because of interoperability and integration of the cadaster with other public data, provide additional benefits, e.g., by preventing mortgage fraud (Kuiiper and Kaathman 2015) . In Cape Town, each dollar invested in property tax administration yielded a more than 50-fold return, and the ability to use tax receipts in documenting ownership resulted in significant outreach and impact on poverty (Barlow 2015) . In Bogota, a series of reforms that started with self-assessment moved on to link the fiscal and legal cadasters, and then improved valuations that have more than tripled tax revenue. In Lithuania, assessed values more than quadrupled as a result of gradually refining the mass valuation system (Almy 2015) ; it is now the core of an elaborate private-sector-driven data information system that provides many benefits (Grover et al. 2017 ).
Where effective and routine systems to collect property tax are lacking, 10 gains from administrative simplification could be much larger. In such situations, property taxation may also contribute to increasing state capacity and citizens' trust in the state, as Weigel (2017) argues to be the case in the Democratic Republic of Congo (Weigel 2017) .
Even where tax maps and realistic valuations are in place, increasing collection effort may yield high returns in terms of increased revenue collection.
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In the U.S., where property tax contributes 30% of local government revenue and some 73% of local taxes, the performance of local governments varies widely.
Simple reminders, especially if combined with a description of the effect of nonpayment, have greatly increased collections (Chirico et al. 2017 ). In Peru a reminder to pay had a persistent positive impact on payment; disclosure of information on neighbors' level of compliance was even more effective (delCarpio 2015); similarly, in Argentina, a deterrence message also heightened taxpayers' propensity to pay (Castro and Scartascini 2015) .
Applying a Mass Valuation Model to Kigali
Rwanda is of interest because it is the only African country that has established a complete and fully digital legal cadaster. While it is somewhat surprising that the data are not used for fiscal purposes, the registry reliably records prices for any transaction. Together with data on building heights or the volume of builtup area generated from high-resolution satellite imagery, this can feed into a CAMA model to impute the potential yield from a 1% tax on residential land and property. Beyond comparing the magnitude and incidence of such a tax to actual and potential yields from the current system, this also makes it possible to estimate the likely effects of proposed exemptions, thus laying the foundation for better-informed policy.
Context and Setting
Rwanda stands out among African countries for having recently completed a nationwide first-registration program that covered 11.6 million parcels (Nkurunziza 2015) , thereby helping to establish the full cadastral database now commonly referred to as LAIS-the land administration information system. LAIS contains spatial and textual data for all registered land parcels in Rwanda; each parcel is unambiguously identified and mapped via a unique parcel identifier (UPI). The UPI is used to link via web services to the mortgage registry maintained by the Rwanda Development Board (RDB) and can also be accessed by the Rwanda Revenue Authority (RRA). However, lease fees-the equivalent of property taxes-are still based on selfdeclaration. This fails to take into account changes in land prices or to realize the potential cost savings from automated billing and issuance of reminders. Exemptions may further reduce tax yield; for example, in Kigali city 60% of all parcels and 99% of agricultural parcels are exempted from paying lease fees.
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Efforts to address these shortcomings include preparation and debate of a draft property tax law, With some 6% of land parcels formally transferred annually (Ali et al. 2017 ), Rwanda's land market is highly active in international terms. Sale prices are registered for all properties transferred and, because registration fees are independent of registered property values, incentives for misreporting are minimized.
14 Table 3 illustrates that, of some 11.6 million parcels covering 2.064 million ha nationwide (i.e., an average of 1,800 m 70,000 ha are in Kigali city. While nationally 64% of parcels (66% of area) are used for agriculture and 12% (8% of area) for residential purposes, in Kigali 49% (56% of land area) are used for agriculture and 35% (17% of area) for residences. For 2013-16, sales were registered for some 85,000 properties, almost half in Kigali and some 20,000 in our study area. Property prices averaged US$28 per m To compare potential to actual revenue from land and more effective collection of current lease fees, we draw on 2015 parcel-level data for land tax revenue from the Rwanda Revenue Authority (RRA). Although RRA and RNRA use the same UPI to identify properties, so that in principle RRA could use the cadastral map to automatically bill owners for land lease fees owed (as assessed at the time of registration), this has not been done. Instead lease fee charges are still based on self-declaration. Table 4 , based on using the UPI to link RRA and LAIS data, illustrates that only about 40% (45,000) of the 112,000 residential parcels in Kigali were subject to land lease fees and 37,000 did so. In urban Kigali in 2015, only US$1.95 million of US$6.74 million owed on residential properties was collected. Thus, in urban Kigali alone, closing the collection gap could more than triple revenue from land use fees.
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As the property registry does not contain data on many building characteristics needed for a mass valuation exercise, we drew on other data sources. Most importantly, to generate information on built-up area, we used 0.5m-resolution Pleaides Tri-Stereo imagery (acquired in August 2015) for a 340 km 2 study area that covers the central business district (CBD) and most of urban Kigali (see figure 1 ).
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Applying a semi-global matching algorithm (Hirschmueller 2011 ) to this imagery made it possible to elaborate a Digital Surface and a Digital Terrain Model. After filtering out trees using the Normalized Differenced Vegetation Index (NDVI), building heights for each of the imagery's 0.5 m/pixels could then be recovered as the difference between the surface and the terrain model (Bärisch et al. 2017) . We overlaid the result with boundaries of cadastral parcels obtained from LAIS, considered only heights above 2 m to exclude vehicles, and used the area covered by pixels with the same height as an estimate of building footprint. Building volume was then computed as the product of building footprint and height. Figures 2 and 3 illustrate the results for a lowand a higher-density neighborhood in central Kigali. While they illustrate some issues that might have been addressed by further processing, cost considerations led us not to proceed.
17 15 Comparing the potential revenue gain to the total cost of about US$50 million for the national land registration program suggests that the program did help to generate significant benefits. 16 The size of the study area was dictated by data availability and cost considerations. 17 The main issue that could be addressed by further processing would be to obtain more precise estimates of building footprints. This would also make it possible to address some sources of error in estimating the height of structures in steep areas and small and low buildings that might be hidden by trees or located in highly dense areas. Exploring ways to automate this process is an important area for future research. 
Factors Affecting Property Values and Model Suitability
CAMA models for property taxation typically involve estimation of a hedonic model on a set of properties for which prices are observed and then using the model to impute the values of properties for which price data are not available (IIAO 2013) . Assuming that properties sold are a random sample, and following Rosen (1974) , property prices are expressed as , , , where P i is the sale price of property i; S denotes structural attributes such as parcel or lot size, building size, and quality; L is a vector of observable location-specific factors such as access to social services or jobs; and N denotes other factors capturing neighborhood quality. Estimating this function makes it possible to derive implicit market prices for specific attributes. Assuming that properties being sold are representative of the larger universe, prices can be imputed as a basis for mass valuation.
Testing for the presence of spatial autocorrelation using Moran's I statistic for residuals from OLS estimates (see appendix table 1) rejects the assumption of iid error terms. To identify a suitable alternative model, we used the Lagrange Multiplier test for model specification to identify the most important reason (omitted spatial lag or spatially autoregressive errors) for spatial dependence (Anselin et al. 1996) .
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As our objective was to predict prices to assess the potential for property tax, we focused on the squared mean prediction 18 It should be noted that because here we consider only building structures, the total built-up area (including roads and other infrastructure) will be much higher in urban villages that include the central business district. 19 The cost is as estimated by a team from GAF AG that includes the cost of imagery for the study area (340 km 2 ) and processing of the Normalized Digital Surface Model (NDSM) including filtering, tree elimination, quality enhancement, and calculation of relative building heights. The cost of imagery will be as high as US$56 if archived data are not available, and the cost of processing will be as low as US$56 if street map or cadaster data are available. 20 Estimation results are highly significant for error and lag dependence models as well as their robust counterparts (appendix table 1 , with , where P iv is the log of the market price of residential property i located in village v; S iv is a vector of continuous structural variables in log terms, i.e., parcel or lot size in square meters and volume of buildings in cubic meters; L iv is a vector of locational variables consisting of distance from the parcel to the CBD and the nearest primary school or tarmac road; N v is a vector of neighborhood attributes in log terms (except the density measure) including density of built-up area and average and standard deviation of building heights at village level, total residential land per cell and number of workers hired by business establishments per cell;
is an error that follows a spatial autoregressive process with a vector of i.i.d. error terms; the s are parameters to be estimated; λ is a scalar autoregressive parameter measuring spatial correlation in the errors; and W is a distance-based spatial weight matrix.
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The results from four specifications are reported in table 6 Beyond the variables noted, neighborhood characteristics affect residential property prices in urban Kigali even after controlling for the spatial dependence of error terms. Coefficients of 1.62 on mean and -0.37 on 21 The spatial weights are based on threshold distance of 435m at which each property has at least one neighbor. Alternative distance band weights (750m, 1,500m and 5,000m) were used, but the one of 435m produced better goodness of fit using the likelihood ratio and AIC criteria. 22 The log likelihood for models (4) and (3) is -13,835 and -13,983 as compared to -14,494 and -14,673 for models (2) and (1).
standard deviation of village building heights imply that sales prices are higher in villages with taller but more homogeneous buildings. Estimated coefficients of 0.17 on the volume of buildings and 1.09 on the density of village built-up area are consistent with the notion that, all else being equal, larger residential buildings in more dense neighborhoods fetch higher prices. Job opportunities as measured by number of workers hired by local establishments are estimated to have a significant positive association with the value of residential properties in urban Kigali, with an estimated elasticity of 6%. The stock of residential land on the other hand does not seem to affect the market value of properties.
Assessing Different Models' Predictive Power
To assess the models' predictive power and suitability for out-of-sample predictions and policy advice, we first compare estimated to actual sales prices within the sample by plotting results from the different models against building volume (figure 4) and parcel area (figure 5) as well as current lease fees. Figure 4 suggests that, because lease fees do not account for the fact that values increase with building volume, they fail to maximize potential tax revenue. Failure to include building volumes in a CAMA model used for valuations that form the basis of property taxes would thus be unfair in the sense that it would require owners of small residential properties to pay proportionately higher taxes than those owning larger properties. Figure 4 shows that this is no longer the case if property taxes are estimated using models that account for building volumes (models 3 and 4). Predicted values, though consistently below the true property value, track it closely, providing a justification for using the estimated parameters from model 4 to predict the value of residential properties in our urban Kigali sample.
Comparing predicted to actual land and property values (figure 5) suggests a good fit irrespective of the specification chosen and a positive relationship between tax revenue and parcel area. Note that current lease fees are more regressive than a hypothetical 1% property tax: average annual lease fees for the largest residential properties in the regression sample would be less than US$200, compared to US$400 for a 1% tax. The gap between property tax and land lease fees narrows as parcel size approaches the mean or median (525 or 399 m 2 ), implying that a property tax would be more progressive.
Exploring the Impact of Changes in Tax Base and Exemptions
Beyond using the results to predict residential property values in our study area and comparing the total revenue potential of a property tax to what is or could be collected under the current lease system, the hedonic regression allows us to explore via simulations what would happen if taxes were levied only on land or if certain exemptions were adopted. Table 7 shows that, using the current system, potential lease fees from all residential properties in urban Kigali sold in 2013-16 would be US$552,923. A 1% flat rate could raise some US$2.6 million-more than four times the lease fees.
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Extrapolating this to all urban residential properties in Kigali suggests that a move from the current lease fee, which has tax revenue potential of US$ 4.9 million but collects only about US$ 2 million, to a 1% value-based tax could increase revenue to between US$ 16 and US$ 19.3 million based on predictions from the spatial error (table 7) or   the lag model (appendix table 5 ).
Rather than a 1% flat fee, a proposal being discussed in government circles is to levy separate fees on land and on buildings. One such proposal is to exempt the first RWF 30 million of a residential property's market value from property tax and levy a 1% property tax on the remainder while also charging a land tax of RWF . Without land price data or structure replacement cost, this requires decomposing the observed market value of properties into the values of land and structure. Using simple hedonic methods (Diewert et al. 2015; Kuminoff and Pope 2013) , the value of the property is defined as:
, where V denotes the value of the property, L the quantity of land, S the quantity of structure, and P l and P s the prices of land and structure. As prices for land and structures are often correlated, restrictions on parameters are needed. Given it appears from our data that prices of land and structure vary by district, we also controlled for district fixed effects and, assuming that the fixed community characteristics affect only the value of the land (Eurostat 2013) , attributed these to land values. We estimated a function of the form Using 40% as the average value of land, this suggests that, with the proposed exemption, only the top 5.1%
of urban Kigali's residential properties would pay building tax. This would reduce potential tax revenue to 48% of what could be obtained using a flat 1% property tax (with 85% of yield from the land tax). A failure to ground proposed exemptions in actual price distributions and a failure to assess the revenue implications 23 The difference in estimated property taxes using the actual sales price and predicted property values is about US$560,000. 
Conclusion and Policy Implications
With current processes of urbanization differing from those observed historically in several respects, a city's competitiveness will increasingly depend on its ability to address the 'demons of density' by planning ahead and raising the revenue needed to provide services effectively. The case of Kigali illustrates that high resolution remotely sensed imagery can be used to reliably check the completeness of valuation rolls and, if data on land values are available, also run land valuation models at a fraction of the time and resources required by more traditional technologies. This can enable cities in developing countries to augment the financial resources at their disposal, lessening dependence on central transfers; enhancing service quality;
and possibly also helping to ensure currency of property registries to make private property rights more secure (Salm 2017 ).
To complement the results obtained here, three areas of enquiry seem promising. First, even if spatial data can be made available at low cost, least-cost (sampling) strategies to obtain the land values required to run a meaningful CAMA model are needed. Second, while several avenues to translate improved coverage with data on property tax into higher revenue exist-e.g., by reducing the cost of tax collection through mobile payments, applying peer pressure, etc.-knowledge on how to most effectively use these, or combine with adoption of differential rate structures, remains limited. Finally, the spatial data underpinning property tax rolls can also widen the range of options open to both the public and private sectors, from setting and enforcing building and planning standards to finding the most cost-effective ways to modernize infrastructure and other service provision and assessing the potential benefits from spatial data in this area would be of great interest for future research. The study area covers that part of urban Kigali for which imagery to generate building heights was available (see figure 1). . The spatial weights are based on threshold distance of 435m at which each property has at least one neighbor. Alternative distance band weights (750m, 1,000m, 1,500m, and 5,000m) were used, but the one of 500m produced better fit using the likelihood ratio and AIC criteria. Standard errors in parenthesis: *** significant at 1%; ** significant at 5%; * significant at 10%. The 'spdep' package of R was used for the estimation. Note: A 1% ad valorem property tax rate is assumed throughout. Dependent variable is the log of the sales price per parcel for residential properties in Kigali over the 2013-16 period. Standard errors in parenthesis: *** significant at 1%; ** significant at 5%; * significant at 10%. The estimation is done in R. a The reported test statistics are for the spatial weights defined at a threshold distance band of 435m for which each property has at least one neighbor. Alternative threshold distances (750m, 1000m, 1500m and 5000m) are also used, but the Moran's I is the highest at 435m. The same is true for the other statistics. Dependent variable is the log of the sales price per parcel for residential properties in Kigali in the 2013-16 period. The spatial weights are based on threshold distance of 435m at which each property has at least one neighbor. Alternative distance band weights (750m, 1,000m, 1,500m and 5,000m) were used, but the one of 500m produced better goodness of fit using the likelihood ratio and AIC criteria. Standard errors in parenthesis: *** significant at 1%; ** significant at 5%; * significant at 10%. The estimation is done using 'spdep' package of R. 2 ) in line with the Government's current proposal. To illustrate revenue implications of different exemption structures, scenarios 3, 4, and 5 set the value of buildings to be exempted from taxation at the first quartile (US$ 4,795), median (US$ 8,920), and mean (US$ 13,334) of the building value distribution, respectively.
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